3 ABSTRACT An important role for β-catenin in regulating p65 (a subunit of NF-κB) during acute liver injury has recently been elucidated through use of conditional β-catenin knockout mice, which show protection from apoptosis through increased activation of p65. Thus, we hypothesized that the p65/β-catenin complex may play a role in regulating processes such as cell proliferation during liver regeneration. We show through in vitro and in vivo studies that the p65/β-catenin complex is regulated through the TNF- pathway, and not through Wnt signaling. However, this complex is unchanged after partial hepatectomy (PH), despite increased p65 and -catenin nuclear translocation as well as cyclin D1 activation. We demonstrate through both in vitro silencing experiments and chromatin immunoprecipitation after PH that β-catenin, and not p65, regulates cyclin D1 expression. Conversely, using reporter mice we show p65 is activated exclusively in the non-parenchymal (NPC) compartment during liver regeneration. Furthermore, stimulation of macrophages by TNF- induces activation of NF-κB and subsequent secretion of Wnts essential for β-catenin activation in hepatocytes. Thus, we show that -catenin and p65 are activated in separate cellular compartments during liver regeneration, with p65 activity in NPCs contributing to the activation of hepatocyte -catenin, cyclin D1 expression, and subsequent proliferation.
INTRODUCTION
Fulminant hepatic failure (FHF) can be initiated by a variety of etiologies, including viruses and toxins. Orthotopic liver transplantation is currently the most effective and widely used method for treating FHF, which has a mortality rate in excess of 80% without intervention 1 . However, the relatively high risk of the surgery, combined with a requirement for lifelong immunosuppression and a shortage of healthy donor organs, has prompted clinicians to seek out promising alternatives. Thus, understanding the signaling pathways involved in liver regeneration is important in order to identify new therapies for treating acute liver injury and FHF.
The most common method of inducing liver regeneration experimentally is surgical removal of three of five liver lobes from the rodent, referred to as partial hepatectomy (PH) 2, 3 . A key cell-cycle associated gene critical for initiation of cell proliferation is cyclin D1, which is expressed as early as 6 hours after PH 4 . β-catenin is a key driver of cyclin D1 expression and cell proliferation. We have previously shown that direct overexpression of β-catenin enhances liver growth and LR through cyclin D1 regulation 5 . Conversely, hepatocyte-specific β-catenin KO displayed suboptimal LR, the result of a 2-fold decrease in the number of proliferating cells, which corresponds with deficient expression of cyclin D1 6, 7 .
NF-κB is a group of dimeric transcription factors that initiate a wide variety of cellular programs in response to inflammation and injury, and is robustly activated by TNF- 8 . Recently, NF-κB has been recognized as a key apoptosis inhibitor by inducing transcription of genes that suppress caspase activation 9, 10 . Interestingly, NF-κB is also activated very early during liver regeneration, translocating to the nucleus to bind DNA within one hour after PH 11, 12 . However, the location, function, and importance of NF-κB activation in different liver cell populations have long been a source of debate. Some publications have shown through inhibition or binding studies that NF-κB activation primarily occurs in hepatocytes and is essential for initiating cell proliferation [11] [12] [13] [14] . Other studies, however, demonstrated that activation of NF-κB occurs primarily in Kupffer cells, not hepatocytes, during regeneration. 15 16 17 . Thus, although NF-κB is activated during liver regeneration, the ambiguity of the above findings suggest that its overall contribution to regeneration has yet to be definitively determined 18 .
The NF-κB subunit p65 has also been shown to physically associate with β-catenin in the context of cancer, resulting in inhibition of p65 transactivation and target gene expression 19, 20 . Our laboratory has recently demonstrated that liver-specific -catenin knockout (KO1) mice unexpectedly exhibit prolonged survival and reduced injury to TNF- induced apoptosis. We elucidated this to be due to the existence of the p65/-catenin complex in the cytosol of hepatocytes, which undergoes dynamic regulation during the process of liver injury and its absence in the KO1 led to earlier and protracted NF-B activation 21 . We believe that these findings warrant further investigation into the dynamics of β-catenin and NF-κB in other injury/repair models such as liver regeneration after PH. Furthermore, since both -catenin and NF-κB/p65 play essential roles in liver regeneration, we hypothesized that one or both pathways may be activating cyclin D1 expression during the proliferative stage, and that the p65/-catenin complex could be a contributory source of β-catenin and/or p65 during regeneration.
We first examined the p65/-catenin complex in the context of acute liver injury to determine the upstream regulation of dissociation. We found that TNF-, and not Wnt signaling, is required for complex dissociation, as mice lacking Wnt signaling in hepatocytes are susceptible to injury, in contrast to KO1, which are protected. Contrary to our hypothesis, however, this complex does not change after PH and thus is not responsible for either p65 or -catenin activation during liver regeneration. We show through both in vitro silencing experiments and chromatin immunoprecipitation of livers after PH that β-catenin, and not p65, regulates cyclin D1 expression. To clarify the role of NF-κB during regeneration, we used a reporter mouse that demonstrated activation of this signaling pathway in the non-parenchmyal cells (NPCs) of the liver, rather than in hepatocytes. Finally, stimulation of macrophages with TNF- was sufficient to induce expression of Wnts required for activation of -catenin and subsequent proliferation in hepatocytes. We conclude that while β-catenin and NF-κB activation are occurring in distinct cell populations during liver regeneration, these signaling pathways are intricately interconnected and cross-regulate one another during the regenerative process.
MATERIALS AND METHODS

Mice, induction of acute liver injury, and partial hepatectomy
Liver-specific -catenin KO (KO1) mice and liver-specific LRP5/6 KO (KO2) mice were generated as previously described 6, 22 . Induction of TNF-α-mediated liver injury by intra-peritoneal administration of 700mg/kg body weight (BW) D-galactosamine, followed 30 minutes later by 50μg/kg BW lipopolysaccharide, was performed as described in our previous publication 21 . Partial hepatectomy was performed on WT and KO1 mice as described elsewhere 5 . Mice were sacrificed at various time points after PH or at the first signs of morbidity for GalN/LPS. Blood samples were collected from the orbital sinus at the time of sacrifice. Serum biochemical measurements for alanine aminotransferase (ALT) were performed by the University of Pittsburgh Medical Center Clinical Chemistry laboratory. For GalN/LPS treatment, n=3 WT and n=4 LRP5/6 KO were analyzed. For each time point after PH, at least n=2 samples were pooled and analyzed.
The NF-κB-lacZ transgenic mice, which harbor a lacZ reporter gene under the control of an NF-κB-responsive promoter (kappaB-lacZ) were obtained from Xue-Ru Wu of NYU 23, 24 . The transgenic mice were identified by polymerase chain reaction (PCR) analysis using tail genomic DNA digestion and the following primers: lacZ fwd: 5'-GCA TCG AGC TGG GTA ATA AGC CTT GGC AAT-3'; lacZ rev: 5'-GAC ACC AGA CCA ACT GGT AAT GGT AGC GAC-3'.
Protein extraction, Western blotting, and immunoprecipitation
Whole-cell lysates from mouse livers were prepared by homogenizing in RIPA with Halt inhibitor cocktail (Pierce, Rockford, IL) as previously described 21 . Nuclear extracts were prepared using the NE-PER Nuclear and Cytoplasmic Extraction Eluate from immunoprecipitated complexes, liver lysates, or cell lysates were subjected to electrophoresis and Western blotting as described previously 21 . Antibodies used in this study were as follows: NF-κB p65 (A clone; 1:200), NF-κB p65 (F-6 clone; 
Histology and Immunohistochemistry
Liver tissues fixed in 10% formalin and embedded in paraffin were sectioned 4 µm in thickness and assessed for histological changes by hematoxylin and eosin (H&E) staining. Apoptotic nuclei were detected by the terminal deoxynucleotidyl transferasemediated dUTP nick-end labeling (TUNEL) staining using the ApopTag Peroxidase kit (EMD Millipore, Billerica, MA).
Immunohistochemistry (IHC) for PCNA on paraffin-embedded sections of mouse livers was performed as previously described 21 . Briefly, after antigen retrieval in 1% ZnSO4 and treatment for endogenous peroxidase, sections were stained with anti-PCNA at a 1:4000 dilution (Dako, Denmark) for 1 hour, then incubated with biotinylated horse anti-mouse secondary (Vector Laboratories, Inc., Burlingame, CA), developed using the ABC/DAB kit (Vector Laboratories), and counterstained with Shandon's hematoxylin.
The average number of positive cells per liver lobe (n≥4) from n≥3 animals for each time point was plotted in Excel.
For -catenin IHC, sections were subjected to antigen retrieval in Tris-EDTA buffer, pH9, in a pressure cooker for 20 minutes and then treated for endogenous peroxidases. After blocking, slides were incubated with anti--catenin antibody specific for the carboxy terminus (Cell Signaling Technology, Danvers, MA; catalog #9587; 1:100) for 1 hour at room temperature. Slides were incubated with biotinylated anti-rabbit secondary antibody (Vector Laboratories), then developed and counterstained as described above.
Determination of β-galactosidase activity in tissue sections
Tissue from freshly harvested liver was fixed in 4% paraformaldehyde at 4°C for 2 hours, followed by 15% sucrose (diluted in PBS) at 4°C overnight. The next day, tissues were transferred to 30% sucrose in PBS and incubated at 4°C overnight. Tissues were then embedded in OCT, sectioned at 4 µm thickness, and dried overnight at 37°C.
Sections were stained with a β-galactosidase Staining Kit (Mirus Bio, Madison, WI).
Briefly, after washing in PBS, tissues were incubated in Cell Staining Working Solution and incubated in a humidified chamber in the dark at 37°C overnight. The next day, tissues were repeatedly washed in PBS, counterstained in eosin for 30 seconds, and dehydrated before coverslipping. Representative images from n≥2 animals per time point are shown.
ChIP assay
Freshly harvested liver (T0 and 6H PH; n=2 each) was finely minced on ice and added to PBS containing 1% formaldehyde, 0.1M PMSF, 0.5M EDTA, and Halt inhibitor cocktail. Tissue was cross-linked for 15 minutes on a rotator at room temperature, Additional IP buffer was added to each sample, and then samples were loaded onto a ChIP filtration column (CHIP-IT High Sensitivity Kit; Active Motif, Carlsbad, CA) and gravity filtered, followed by washing and elution by centrifugation. Samples were decrosslinked by incubation with Proteinase K at 55°C for 30 min then followed by 80°C for 2 hours, then purified with the MiniElute kit (Qiagen).
The resulting DNA fragments and input controls were subjected to real-time PCR as described above using the following primer sets: cyclin D1 TCF4 binding site: 5′-CCG GCT TTG ATC TCT GCT TA -3' and 5′-CGC GGA GTC TGT AGC TCT CT -3'; cyclin D1 p65 binding site: 5'-CAA CAG TAA CGT CAC ACG GAC T -3' and 5′-CAC AGG AGC TGG TGT TCC AT -3'. ChIP q-PCR data was normalized to percent input for each sample, and then normalized to the T0 remnant liver corresponding to the experimental sample (6H post-PH) to determine fold change.
Cell culture, transfection, and luciferase reporter assays
Hep3B human hepatoma cell lines were obtained from ATCC, Manassas, VA.
Hep3Bs were transfected and measured for luciferase activity as previously described For TNF-α treatment, Hep3B cells were transfected with Renilla and either p65 reporter plasmid or cyclin D1 reporter plasmid as described above. After 5 hours, fresh media containing either vehicle control or TNF-α (R&D) at a final concentration of 25ng/ml was added to the cells. The media was changed 24 hours after transfection and fresh TNF-α or vehicle control was added to the wells. Cells were harvested 48 hours after transfection for luciferase assays, which were performed as described above.
Finally, Hep3B cells were treated with 50 ng/ml TNF-α in 100mM dishes and harvested at various time points after treatment for protein extraction and immunoprecipitation as described above.
A Hep3B cell line expressing a constitutively active form of β-catenin, which is mutated at serine 33 to tyrosine (S33Y), was recently described 26 . These stably transfected cells were then transiently transfected with control, p65, or -catenin siRNAs as well as cyclin D1 and Renilla reporters at a concentration of 0.2 μg/ml each. Cells were harvested for luciferase assay 48 hours after transfection as described above.
AML12 cells were obtained from ATCC and maintained in Dulbecco Eagle's minimal essential medium (DMEM) / Ham's F-12 (1:1) mixed media supplemented with 10% FBS, 5 μg/ml Insulin, 5 μg/ml Transferrin, 5 μg/ml Sodium Selenite (Roche), and 100nM dexamethasone. Cells were transfected with either mouse β-catenin siRNA, mouse p65 siRNA, or negative control siRNA (Ambion, Inc., Austin, TX), concomitant with transfection of cyclin D1 and Renilla reporters, and harvested for luciferase assay as described above.
Cell Growth Assay
A [
3 H]thymidine uptake assay was utilized to measure cell proliferation. Briefly, Hep3B cells transfected with control, p65, or β-catenin siRNA as described above were dosed with 2.5 µCi/ml of [ To analyze expression of Wnt2 gene expression after TNF-α stimulation, RAWBlue macrophages were first grown to 40-50% confluency and serum starved overnight.
The following morning, 0.1ng/ml of TNF-α was added. Treated and untreated wells were pooled (2-3 wells) and an RNA kit (Qiagen) was used to extract RNA. After DNAse treatment, samples were converted to cDNA (Invitrogen) and qPCR was used to identify levels of Wnt2. Primers used are as follows: GAPDH forward: 5′-AAC TTT GGC ATT GTG GAA GG -3'; GAPDH reverse: 5′-ACA CAT TGG GGG TAG GAA CA -3'; Wnt2
forward: 5′-TCT GTC TAT CTT GGG CAT TCT G -3'; Wnt2 reverse: 5′-TTC CTT CGC TAT GTG ATG TTT C -3'; Experiment was repeated 3 times and data shown is from one representative experiment.
Statistics
Data are presented as mean ± SD as indicated. All statistics were performed and p < 0.0001 are considered significant throughout the study.
Study approval
All animal experiments were performed under the guidelines of the National
Institutes of Health and the Institutional Animal Use and Care Committee at the University of Pittsburgh. The studies performed in the current report were approved by the Institutional Animal Use and Care Committee at the University of Pittsburgh (protocol #14013027 and #14084364).
RESULTS
Wnt signaling does not regulate the p65/β-catenin complex after injury.
Previously, we demonstrated that the p65/-catenin complex changes dynamically over time in response to acute liver injury 21 . Further, absence of -catenin in liver-specific knockout mice (KO1) allowed for protection against LPS/TNF injury.
However, the upstream mechanisms regulating the association of this complex, especially the role of -catenin upstream effector Wnt, are unclear. Indeed, -catenin transcriptional activation of a subset of target genes is ongoing during TNF-α induced injury despite cleavage of -catenin itself, which is likely due to caspase activity (Supplemental Figure 1) 
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. Thus, to address if active Wnt signaling could be inhibiting p65 activity by maintaining the presence of the p65--catenin complex, we generated hepatocyte-specific double LRP5/6 mice (KO2) by interbreeding albumin-cre and LRP5/6-double floxed mice. In these mice, canonical Wnt signaling is disrupted but -catenin is still present in the cell. Thus, formation of the p65/-catenin complex should be unaltered in these livers. Indeed, unlike KO1, p65 and β-catenin associate strongly in KO2 as well as WT livers at baseline ( Figure 1A ). KO2 and WT mice were then injected with galactosamine (GalN) followed by lipopolysaccharide (LPS), which activates the TNF-α pathway. Unlike in KO1, which are protected from injury 21 , there was no difference in time to morbidity between WT and KO mice, with both groups succumbing to injury around 8 hours (8H) after GalN/LPS ( Figure 1B) . Histologically, KO2 livers were indistinguishable from WT livers, with characteristic centrilobular congestion, hepatocellular degeneration, and necrosis; abundant TUNEL-positive apoptotic cells were also apparent in both genotypes ( Figure 1C ). Measurement of serum alanine aminotransferase (ALT) also showed insignificant differences between WT and KO2
( Figure 1D ). Additionally, p65 and β-catenin are still strongly associated in both WT and KO2 livers at the time of morbidity, implying inability of NF-κB to activate pro-survival target genes ( Figure 1E ). Thus, maintenance of the p65/-catenin complex in the cytoplasm during TNF- injury is due to the presence of -catenin, irrespective of upstream signaling.
p65/β-catenin complex dissociation is induced by TNF- signaling and correlates with increased activation of DNA synthesis.
As we have previously shown, disruption of p65/-catenin association occurs within hours after LPS treatment 21 . To confirm that this is directly caused by TNF- activation of p65, we stimulated Hep3B cells with TNF- and monitored dissociation of the complex. Figure 2A shows that β-catenin and p65 dissociate in Figure 2D ). Thus, p65 inhibits -catenin activity in much the same way as β-catenin inhibits p65 activity.
Lack of notable changes in the p65/β-catenin complex during liver regeneration despite nuclear translocation of β-catenin and p65 and increased cyclin D1 expression.
We and others have described the consequences of p65/β-catenin association in liver injury [19] [20] [21] ; however, the status and function of this complex in the early stages of liver regeneration is unknown. This is relevant because the complex could be a contributory source of β-catenin that would augment cell proliferation during regeneration. We utilized partial hepatectomy (PH) to examine any changes in the p65/β-catenin association, as well as activation status of both p65 and -catenin and target gene expression. We found unremarkable changes in the status of this complex during the first 24 hours after PH ( Figure 3A ). Intriguingly however, both p65 and -catenin translocate to the nucleus within 3 hours after PH ( Figure 3B ). Concomitantly, small but significant increases are seen in both cyclin D1 mRNA and protein expression at 1 hour after PH, corresponding to -catenin nuclear translocation; cyclin D1 expression again increases at 12 hours, which is the period immediately prior to peak DNA synthesis 29, 30 ( Figure 3C and 3D) . Thus, dissociation of the p65/β-catenin complex does not appear to be contributing to the expression of target genes essential for regeneration such as cyclin D1.
β-catenin, and not p65 or TNF-α, regulates cyclin D1 expression and proliferation.
Despite lack of any changes in the p65/β-catenin complex, the nuclear translocation of β-catenin and p65 after PH along with the concomitant increase in cyclin D1 expression was intriguing. Since both the human and mouse cyclin D1 promoter contain highly conserved consensus sequences for both TCF/LEF and NF-κB [31] [32] [33] , we next wanted to determine whether β-catenin, p65, or a synergistic co-activation of the two proteins was responsible for cyclin D1 upregulation during cell proliferation. To reduce the confounding effects of cross-talk from multiple cell types, we decided to analyze effect of loss of β-catenin and p65 on cyclin D1 in vitro using Hep3B cells. After confirming that p65 siRNA decreases p65 reporter activity in this system, while β-catenin siRNA increases p65 activity ( Figure 4A ), we next looked at how inhibiting β-catenin or p65 affected cyclin D1 expression and cell proliferation in vitro. Figure 4B shows that cyclin D1 activity is decreased in the absence of -catenin but not in the absence of p65.
A similar decrease in cyclin D1 activity in the absence of β-catenin but not in the absence of p65 was observed in the mouse immortalized hepatocyte cell line AML12
(data not shown). Inhibiting -catenin also results in suppressed cell proliferation, while loss of p65 had no effect on proliferation ( Figure 4C ). Finally, we transfected cells with plasmid expressing constitutively active S33Y-mutated β-catenin, which stimulates hepatocyte cell growth, in order to study the effect of p65 or β-catenin loss on actively proliferating cells 34 . Despite the overabundance of active β-catenin in these cells, siRNA against β-catenin effectively suppresses cyclin D1 activity ( Figure 4D ). We have previously shown that this mutated form of β-catenin significantly represses p65 reporter activity 21 ; thus S33Y-expressing Hep3B cells transfected with p65 siRNA have maximally suppressed p65 due to both decreased p65 activity and decreased p65 expression. Despite this, there is still no reduction in cyclin D1 activity in p65 siRNAtreated, actively proliferating Hep3Bs, and reporter activity remains comparable to that of control siRNA ( Figure 4D ).
Since TNF-α is a critical component in the early phase of liver regeneration after partial hepatectomy, we wanted to directly address if it could be regulating proliferation pathways in hepatocytes. As expected, addition of 25ng/ml TNF-α to Hep3B cells for 48 hours increased p65 expression over 3-fold ( Figure 4E ). However, cyclin D1 activity remained completely unchanged after TNF-α administration ( Figure 4F ).
Taken together, we conclude that β-catenin is required for cyclin D1 activity and subsequent proliferation, while TNF-α/p65 is dispensable.
Cyclin D1 expression during liver regeneration is β-catenin/TCF4 dependent.
To verify these findings in vivo in a model of liver regeneration, we performed ChIP assay on livers isolated from WT animals at baseline and 6 hours after PH. We chose this time point because binding of TCF4 or p65 to DNA should precede induction of cyclin D1 expression. We analyzed TCF4 occupancy on a confirmed binding site in the cyclin D1 promoter 33 , and found an approximately two-fold higher recruitment of TCF4 after PH compared to baseline ( Figure 5A ). Since this primer set also encompasses the NF-κB sequence, we next designed primers that exclude the TCF4 binding site and contain only the NF-κB site, in order to more precisely determine the contribution of these two transcription factors in activation of cyclin D1. Using the NF-κB-specific primers, we determined that occupancy of p65 on the NF-κB binding site did not change after PH and remained at baseline levels ( Figure 5B ). Thus, as in vitro, β-catenin but not p65 drives cyclin D1 activity in response to a regenerative stimulus.
Since p65 was not affecting hepatocyte proliferation during regeneration despite increased nuclear translocation, we next wanted to investigate the role of p65/NF-κB signaling after PH by analysis of target gene expression. Additionally, we compared WTs to KO1 at 12 hours after PH to determine if suppression of β-catenin results in activation of an altered p65 gene signature. As expected, in the absence of β-catenin, cyclin D1 gene expression is decreased in KO1. However, expression of cytokines, growth factors, and tissue remodelers (such as IL1A, TNFA, FasL, VCAM1, VEGFC, and MMP1) are increased in KO1 compared to WT ( Figure 5C ). These results suggest that p65 target genes are differentially regulated in WT and -catenin KO 12H after PH, favoring a more inflammatory, pro-apoptotic profile in the absence of -catenin.
p65 is activated in the non-parenchymal cell compartment during liver regeneration, while -catenin activation is occurring primarily in hepatocytes.
Since -catenin nuclear translocation after PH is occurring in hepatocytes to induce cyclin D1 expression, we next investigate the source of p65 nuclear translocation that was evident in whole cell lysates after PH despite lack of any changes in the p65/-catenin complex ( Figure 3A, 3B) . To investigate the cell compartment in which NF-B is activated during liver regeneration, we utilized NF-B lacZ transgenic mice, which exhibit β-galactosidase (β-gal) activity in the presence of transcriptionally active NF-κB 23, 24 ( Figure 6A ), and subjected these mice to PH. NF-B activity was notably induced 6 hours after PH, as indicated by the increased number of β-gal-positive cells in the liver lobules ( Figure 6B ). However, these β-gal-positive cells were exclusively localized to the NPCs both before and immediately after PH. We did not detect NF-B activity in hepatocytes at any time point after PH. On the other hand, IHC shows that -catenin is predominantly localized to the hepatocyte membrane and undergoes activation primarily in this cell type after PH, as demonstrated by strong cytoplasmic and nuclear localization at 3 hours and 6 hours, respectively ( Figure 6C ). Thus, although the kinetics of NF-B and -catenin activation are similar during liver regeneration, they are occurring in different cell compartments.
TNF-α activates p65 and stimulates Wnt production in macrophages.
Because NF-B is activated in NPCs during liver regeneration, we next compared the expression of both -catenin and p65 in Hep3B cells to Raw264 cells, a macrophage cell line, by Western blot. Interestingly, although Hep3Bs have an abundance of both -catenin and p65 compared to Raw264 cells, the ratio of -catenin to p65 differs significantly: in Hep3B cells, there is more -catenin than p65, while in Raw264 cells, the amount of p65 is greater than the amount of -catenin ( Figure 7A ).
Furthermore, the p65/-catenin complex is present albeit at low levels in macrophages as well ( Figure 7A ). Based on input and IP studies, most -catenin in macrophages appears to be associated with p65 while only a small fraction of -catenin is associated with p65 in Hep3B cells ( Figure 7A, 7B ).
Since TNF-α is both released by and acts upon macrophages, we evaluated if , led to a several-fold increase in Wnt2, one of the Wnts implicated in metabolic zonation and regeneration 38 , at both 6 hours and 24 hours after treatment ( Figure 7D ).
Taken together these data suggest that during early liver regeneration, NF-B is activated in NPCs such as macrophages in a TNF--dependent manner to then induce expression of mitogens that have a direct effect on hepatocyte proliferation.
DISCUSSION
In the current study, we describe the complex interaction and regulation of -catenin and p65 in both liver injury and regeneration. As we have published previously, the p65/-catenin complex is a critical regulator of cell survival during liver injury such as that induced by GalN/LPS. Dissociation of this complex in hepatocytes is mediated by release of TNF- from Kupffer cells in response to LPS, facilitating nuclear translocation of p65 ( Figure 8A ). The absence of -catenin augments this response, resulting in early, robust and protracted activation of p65. Interestingly, in liver regeneration, we have demonstrated that the p65/-catenin complex is not contributing to the regenerative process. Instead, increased TNF- levels as a result of PH leads to activation of NF-B in Kupffer cells and subsequent production of cytokines and growth factors including
Wnts, which in turn induce proliferation in hepatocytes ( Figure 8B ). Thus, although this complex does not play a direct role in activation of either p65 or -catenin in hepatocytes after PH, the activation of these pathways in distinct cell types is nonetheless essential for liver regeneration.
In our earlier publication, we showed that ablation of β-catenin renders hepatocytes more resistant to apoptosis due to lack of the NK-B-inhibitory p65/-catenin complex. However, the mechanisms underlying the association of this complex at homeostasis and the regulation of this complex during hepatocyte survival were not understood. In this manuscript, we utilize mice lacking Wnt-driven -catenin signaling but retaining intact -catenin (LRP5/6 KO; KO2). We find that in response to GalN/LPS treatment, KO2 mice do not phenocopy β-catenin KO1 mice in terms of protection from TNF-α induced apoptosis, but instead show similar kinetics of injury as WT animals. If
Wnt signaling were contributing to dissociation of this complex, we would expect to see earlier mortality in LRP5/6 KO mice. Conversely, if Wnt signaling, and not -catenin itself, were responsible for protection, we would expect the LRP5/6 KO to be resistant to injury, similar to KO1. Neither of these two scenarios occurred in the LRP5/6 KO. We previously also described lack of p65 reporter activity in the presence of ICG001, which blocks -catenin's downstream transcriptional activity 21 . The LRP5/6 KO mice mirror this in vitro state, as -catenin protein is intact in hepatocytes despite lack of Wnt signaling.
Thus, we validate that physical association of -catenin and p65 regulates survival or apoptosis, while also showing that Wnt signaling does not regulate this complex during acute liver injury. Instead, p65/β-catenin complex dissociation is induced by TNF- signaling.
Analysis of the kinetics of p65/-catenin dissociation in the presence of TNF-α revealed an important finding: that dissociation of this complex occurs at a predictable rate, regardless of the source of TNF-α. In TNF-α-treated Hep3B cells as well as in the GalN/LPS liver injury model, we observed a decrease in p65/-catenin association 3H
after treatment, and in both cases this dissociation appears to be crucial for optimal activation of downstream pathways. However, this dissociation is absent after PH, and the p65/-catenin complex is intact. In fact, the extent of dissociation in response to TNF-α may be dose-dependent. In mouse models of endotoxic shock, such as LPSinduced acute liver injury, serum TNF-α levels range from 3-25 ng/ml within 90 minutes of treatment [39] [40] [41] . On the other hand, some groups have been unable to detect the presence of serum TNF-α at any time after PH, while others have reported serum TNF-α in pg/ml amounts within 1 hour after PH 36, 37 . We hypothesize that pathological levels of TNF-α, such as that found in LPS-induced liver injury, have a more profound and prolonged effect on the p65/-catenin complex than the physiological TNF-α released during liver regeneration.
Despite the increased nuclear translocation of both -catenin and p65, we observed a lack of NF-κB activation in hepatocytes after PH. Indeed, our in vivo studies support the hypothesis that activation of NF-κB occurs primarily in NPCs after PH. Yang et al. also demonstrated through use of a transgenic mouse expressing enhanced green fluorescent protein under the transcriptional control of NF-κB that activation primarily occurs in Kupffer cells rather than hepatocytes 15 . We believe that decreased levels of p65/-catenin complex in macrophages may also be contributing to NF-B activation in these cells. WB demonstrates that macrophages have a lower ratio of -catenin to p65 than do hepatocytes, which contain notably higher levels of -catenin. This disparity would result in more free p65 in macrophages, thus creating a lowered activation threshold. The presence of physiological levels of TNF-α, which is insufficient to cause complex dissociation in hepatocytes, may nonetheless induce p65 activation in a cell type with less inhibitory -catenin. Therefore, we believe that the increased nuclear translocation of both -catenin and p65 as observed in whole cell lysates after PH is occurring in different cell types, with -catenin activation occurring primarily in hepatocytes, and NF-κB activation occurring in macrophages.
Another interesting finding from our studies is that that addition of TNF-α to suggesting that other transcription factors that may potentially partner with -catenin to induce specific target gene expression. In order to test whether β-catenin and NF-κB synergistically regulate proliferation through activation of cyclin D1 gene expression, we performed in vitro studies silencing either -catenin or p65 and examined proliferation and cyclin D1 reporter activity. We found that only loss of -catenin negatively affected cyclin D1 activation and proliferation, which were sustained in the absence of p65.
Furthermore, transfection with a dominant-negative TCF4 plasmid also decreased both proliferation and cyclin D1 reporter activity (data not shown), demonstrating that -catenin/TCF4 association is critical for this process. ChIP assay confirmed this observation in vivo, showing increased binding of TCF4 but not p65 to the cyclin D1 promoter 6 hours after PH. We conclude that -catenin is necessary and sufficient for activation of cyclin D1 expression.
Although the role of the p65/β-catenin complex in acute liver injury has been described, the physiological significance of this interaction in hepatocytes during liver regeneration, if any, is still unclear. However, the increase in cytokines and apoptotic factors observed in -catenin KO livers after PH may provide some clues. Many of these same genes were also upregulated in KO1 livers after GalN/LPS, which in that model facilitated prolonged survival 21 . However, it is important to note that in the GalN/LPS model, the requirement for survival outweighs the proliferative drive, whereas in the PH model these roles are reversed. Thus, in the context of liver regeneration, our recent data indicate that -catenin may divert p65 away from activation of survival/inflammation pathways after PH in favor of promoting proliferation. However, when -catenin is absent from hepatocytes, as in the case of KO1, this inhibition is lifted, allowing aberrant p65 signaling to occur. In support of this hypothesis, we have previously shown that apoptosis increases in KO1 mice after PH at all stages, while liver regeneration is delayed 6 . Thus, the role of this complex in liver regeneration may be to prevent overactivation of p65, which could lead to a pro-inflammatory or pro-apoptotic phenotype and thus hinder proliferation, regeneration, and repair. 
